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ACTA  ARMAMENTARII 


NO. 


EFFECT  OF  ENGINE  DISCHARGING  JET  EFFLUX 
ON  VEHICLE  AERODYNAMIC  PERFORMANCE 
by 

Dao-wei  Yang 

ABSTRACT  Based  on  the  fundamental  theories  of  gas  d-ynamics,  this  Daps 
discusses  the  general  effects  of  the  engine  discharging  jet  efflux  (EDJF)  on 
the  flow  around  a  vehicle  (FAV)«  and  analyzes  the  effect  of  the  high 
temperature  EDJE  on  vehicle  aerodynamic  performance/  using  compressed  air  i 
wind-tunnel  test  to  simulate  the  high  temperature  EDJE  in  a  real  jet  engine 
Experimental  results  are  cited  and  analyzed. 

=  cross-sectional  area  of  the  nozzle  exit 
=  momentum  coefficient 
=  efflux  mass  flux 

=  vehicle  pitching  moment  coefficient  in  the 
presence  of  the  jet  efflux 
=  vehicle  pitching  moment  coeeficient  in  the 
absence  of  the  jet  efflux 

=  increment  of  the  vehicle  pitching  moment  coefficient/ 

A/Hj  =  niji  -  ntjo  . 

=  total  pressure  of  the  jet  efflux  at  the  cross-section  of 
the  nozzle  exit 
=  freestream  dynamic  pressure 
=  flow  volume  function 
*  vehicle  wing  area 
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=  velocity  of  fluid 
=  vehicle's  angle  of  attack 

=  efflux  velocity  coefficient  at  the  cross-section  of  the 
nozzle  exit 

=  gas  dynamic  function 
=  density  of  the  freestream 

=  yau  angle  of  the  vehicle  horizontal  tail 


=  air 

=  flouj  around  the  body 

=  efflux  at  the  cross-section  of  the  nozzle  exit 
=  combustion  gas 
=  freestream  conditions 
=  object 
=  model 


1  INTRODUCTION 

The  effect  of  the  EDJE  of  the  FAV  can  be  summed  up  as  the  streamline 
displacement  effect  and  the  injection  effect.  When  a  vehicle  flies  at 
supersonic  speed>  the  EDJE  effect  can  only  be  disseminated  through  the 
subsonic  region  uithin  the  boundary  layers  to  the  upper  reaches.  In  this  case< 
the  EDJE  has  minute  influence  on  the  vehicle  dynamic  performance,  except  on  the 
drag  force  on  the  louer  surface.  When  the  FAV  is  subsonic,  however,  this  EDJE 
effect  can  be  disseminated  up  to  the  upper  reaches,  such  that  it  can  impair 
aerodynamic  performance  of  the  whole  vehicle.  It  is.  therefore,  of  practical 
significance  to  perform  such  kind  of  tests. 


2  SIMULATION  PARAMETERS  TESTING 

In  the  wind-tunnel  test,  we  substituted  compressed  air  for  the  combustion 
gas  to  simulate  the  real  conditions  where  the  influence  of  the  EDJE  on  the  FAV 
was  studied.  Here,  not  only  the  simulation  criteria  required  for  a  routine 
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wind- tunne I  test  should  be  ensured/  but  also  the  characteristics  of  the 


influence  of  the  EDJE  on  the  FAV  must  be  simulated/  i.  e  /  keeping  the  FAV 
streamline  shape  and  wave  mode  of  the  model  the  same  as  during  a  real  flight 

i 

Thus,  the  pressure  drop  ratio  (p^/Pj,)<r  or  the  back  pressure  ratio  (Pb/p^>^ 
the  nozzle  exit  of  the  EDJE  of  the  model  engine  must  be  equal  to  that  during 


a  real  flight/  i.  e.  /  (p^/p^)m  = 


Since 


^  =  -It. 

p:  p.  p: 


then 


*  (Afa.)  -  1  /  1  + 


-Ml  1 


When  neglecting  the  difference  in  the  combustion  gas  specific  heat  zo 


air  specific  heat  ratio  between  these  two  conditions,  the  Mach  number  at  the 
nozzle  exit  .  Mag  and  the  FAV  to  the  jet  efflux  static  pressure  ratio  p^/pg, 


are  simulated. 


Since 


then 


-^  =  je=.  _£s_ 

p:  p*  p: 


(2.  3) 


(2.  4) 


When  the  freestream  static  pressure  of  the  model,  p^ equals  that  of  the 


real  vehicle,  then  [ 


.  since  the  flow  conditions  for  the 


model  and  the  real  vehicle  are  similar  to  each  other. 


If 

\  Pt  /"  \  P*  A 


then  p;,*p:,. 


From  eqn.  2.3.  it  follows  that 


(2.  5) 


where  the  momentum  flux  at  the  cross-section  is  also  simulated.  Since  the 


freestream  dynamic  pressure  is 


(2.  6) 


from  the  definition  of  the  momentum  coefficient,  then 

q.S  Aq.  S 


(2.  7) 


It  can  be  shown,  from  eqns.  2.6  and  2.7,  that  the  same  freestream  Mach 


number.  Ma^  and  the  same  static  pressure,  p^  for  the  model  and  for  the  real 
vehicle  can  ensure  for  the  model  the  same  freestream  dynamic  pressure  as  that 


the  real  vehicle.  Also,  from  geometric  similarity. 


-(f). 


Thus,  when 


simulating  the  back  pressure  ratios,  an  equality  of  the  momentum  coefficient* 


for  the  model  and  the  real  vehicle  can  be  reached. 


In  summary,  when  the  model  is  geometrically  similar  to  a  real  vehicle, 
and  has  the  same  freestream  Mach  number,  the  same  freestream  static  pressure 
the  same  pressure  drop  ratio  at  the  nozzle  exit  as  the  real  vehicle,  they  will 
definitely  have  the  same  Mach  number  at  the  nozzle  it.  the  same  momentum  fi^ 
at  the  cross-section  of  the  nozzle  exit  and  the  same  jet  momentum  coefficient 
Thus,  the  flow  conditions  of  the  efflux  and  the  FAV  in  the  vicinity  of  the 
,  ozzle  exit  are  similar  to  those  for  a  real  vehicle. 

3.  RESULTS  AND  DISCUSSION 

The  test  was  conducted  using  compressed  air  in  a  slow  speed  wind-tunn-1 
investigate  the  effect  of  the  EDJE  on  vehicle  dynamic  performance.  Fig.  3.  1 
shows  the  principles  of  the  test.  The  compressed  air  used  had  been  dried.  Th 

r  6 

pressure  of  the  air  source  in  this  test  ranged  from  3.43X10  to  11.77X10  Pa. 
control  valve  lowered  the  pressure  to  the  required  region.  Compressed  air 
passed  from  a  ground  pipe  through  a  special  flexible  rubber  tubing  to  the  wine 
tunnel  and  the  model.  It  has  been  shown  that  this  connection  does  not  have  ai 
effect  on  the  conduction  ratio  of  the  wind-tunnel  balance.  The  vehicle  has  an 
engine  with  a  converging  jet  nozzle.  The  wings  are  mounted  in  the  middle  of 
the  vehicle  and  are  far  from  the  nozzle,  while  the  horizontal  tail  is  fixed  on 
the  rear  part  of  the  body  and  near  the  nozzle.  Results  show  that  the  jet 
efflux  has  little  influence  on  the  lift  and  drag  coefficients  but  appreciably 
affects  the  pitching  moment  coefficient.  The  present  paper  only  discusses  the 
effect  of  the  jet  efflux  on  the  vehicle  pitching  moment  coefficient,  using  the 
increments  of  the  coefficient. 

3  1  Effect  of  the  Yaw  Angle  of  the  Horizontal  Tail 

The  effect  of  the  yaw  angle  of  the  horizontal  tail  on  the  increment  of 
the  vehicle  pitching  moment  coefficient  due  to  the  jet  efflux  is  shown  in  Fig 
3.2.  The  curve  in  the  figure  was  obtained  under  the  following  conditions:  the 
freestream  dynamic  pressure,  *  1275.3  Pa,  the  efflux  pressure  drop  ratio. 
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p*  /p  =  2.  0  and  the  vehicle  angle  of  attack;  o(  =  0.  It  is  shown  in  Fig.  3  2 
that  when  g>  =  0*;  the  vehicle  obtained  a  small  additional  upward  moment  due  t 
the  jet  efflux.  As  the  negative  gaw  angle  increases;  this  additional  upward 
moment  increases;  reaches  the  maximum  value  at  the  median  gaw  angles;  then 
decreases.  As  the  positive  ^  increases,  this  additional  upward  moment;  decreais: 
rapidly  and  vanishes;  then  changes  to  a  downward  moment.  This  is  due  to  the 
injection  effect  of  the  jet  efflux  on  the  air  stream  in  the  vicinity  of  the 
model.  First  of  all;  the  local  dynamic  pressure  at  the  horizontal  tail 
increases,  resulting  in  another  increase  in  the  load  of  the  horizontal  tail 
At  the  same  time,  this  injection  can  also  change  the  pressure  profiles  in  the 
longitudinal  and  lateral  directions  on  the  upper  and  lower  surfaces  of  the 
horizontal  tail,  that  is.  when  is  negative,  more  volume  of  flow  is  carriea 
away  in  unit  time  at  the  lower  part  of  the  tail  than  at  the  upper  part, 
resulting  in  larger  increase  in  the  velocity  of  the  air  flow  and  larger  pressu'e 
drop  at  the  lower  surface  than  at  the  upper  surface.  Therefore,  an  additional 
upward  moment  is  obtained  due  to  the  jet  efflux  effect.  As  the  negative  yaw 
angle  of  the  horizontal  tail  increases,  this  additional  moment  increases  due 
to  stronger  effect  on  the  injection  of  the  air  s tr earn  at  the  lower  part  of  the 
horizontal  tail.  When  this  negative  yaw  angle  further  increases,  however,  this 
inje'ction  effect  for  the  horizontal  tail  can  cause  separation  of  flow  at  the 
lower  surface  of  the  tail.  In  this  case,  the  pressure  drop  at  that  surface 
decreases  as  the  negative  angle  of  yaw  increases,  thus  decreasing  in  the 
increment  of  the  additional  upward  moment  of  the  body. 

On  the  other  hand,  when  the  horizontal  tail  has  a  positive  angle  of  yaw. 
the  injection  effect  of  the  jet  efflux  on  the  flow  is  larger  at  the  upper  part 
of  the  tail  than  at  its  lower  part.  The  body,  therefore,  produces  an  additional 
downward  moment  due  to  the  jet  efflux.  Since  the  rear  part  of  the  model  vehicle 
is  not  symmetrical  up  and  down,  and  the  flow  direction  of  the  jet  efflux  and 
the  horizontal  base  line  of  the  body  do  not  overlap,  this  additional  moment 
does  not  equal  zero,  when  ^  =  O"  . 
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3.2.  Ground  Effect 


The  ground  effect  on  the  vehicle  pitching  moment  coefficient  due  to  the 
jet  efflux  is  shou/n  in  Fig.  3.3.  The  curves  in  the  figure  ijjere  obtained  unde 
•londitions  lijhere  =1275.  3  Pa.  the  efflux  pressure  drop  -'atio  ~  ^  " 

0l  =  10*.  When  the  yau  angle  of  the  horizontal  tail  has  a  negative  value,  '  ■  e 
increment  of  the  upward  moment  in  the  presence  of  ground  is  larger  than  that 
the  absence  of  ground#  due  to  the  injection  effect  of  the  jet  efflux  ~he 
reason  for  this  is  that  the  presence  of  ground  places  rest-rictions  on  the 
systemi  causing  stronger  injection  effect  on  the  flow#  and  larger  decrease  in 
the  pressure  drop  at  the  lower  surface  of  the  tail  with  larger  increment  of  tr 
ooay  upward  moment. 

3.3.  Effect  of  the  Efflux  Pressure  Drop  Ratio 

The  effect  of  the  efflux  pressure  drop  ratio  on  the  increment  of  the 
vehicle  pitching  moment  coefficient  due  to  the  jet  efflux  is  shown  in  Fig.  3.,^ 
These  data  points  were  obtained  when  o<  =  0*  »  ^  =0*  and  =  1275.3  Pa  in  thr- 

presence  of  ground.  It  is  shown  in  the  figure  that  at  first  increases 

rapidly  as  the  pressure  drop  ratio  increases#  then  levels  off#  and  finally 
decreases  slightly  near  ~  2.0;  thezlm^  maximum  value  appears  near  the 

local  critical  pressure  drop  ratio  at  the  no.  zle  exit#  i.  e.  #  near  p*/p^  =  1  8'^ 


Since  ^-  =  -4* - 

/»-  P.  P- 


and  the  pT-esence  of  the  vehicle#  -^<1, 


Thus  s  j  ( 


-  when 


Since#  in  the  case  of  small  pressure  drop  ratios#  the  velocity  of  the 
efflux  increases  more  rapidly  as  this  ratio  increases#  the  injection  effect 
becomes  increasingly  larger.  With  large  pressure  drop  ratios#  however#  change 
in  the  injection  effect  is  small#  as  the  ratio  changes.  When  this  ratio  is 
larger  than  its  critical  value#  the  efflux  continues  to  expand  #  then  reaches 
subsonic  speed  at  the  nozzle  exit.  Its  boundary  has  at  first  diverging  then 
converging  shapes#  and  the  streamline  of  the  FAV  displaces.  It  is  this 
d i sp lac ement^that  most  likely  weakens  the  influence  of  the  efflux  on  the 
injection  of  the  FAV#  resulting  in  a  decrease  in  the  increment#  4m.. 


\] 


3.4.  Freestream  Effect 


The  freestream  effect  on  the  increment  of  the  vehicle  pitching  moment 
coefficient  due  to  the  jet  efflux  is  shown  in  Fig.  3. 5.  The  curve  in  the  fig.r 
was  drawn  based  upon  the  data  obtained  when  0(  =  ^  =  O’  and  D^/boo  -2.0  : - 

the  presence  of  ground.  It  is  apparent  from  the  figure  that  the  increment 
decreases  as  the  freestream  velocity  increases.  This  is  because  when  the  effl.. 
pressure  drop  ratio  is  kept  constant/  the  injection  effect  is  reduced  as  the 
freestream  velocity  increases. 

3.  5.  Effect  of  the  Gas  Specific  Heat  Ratio 

The  simulation  test  was  conducted  in  a  wind-tunnel  using  compressed  air 

substitute  ror  the  combustion  gas.  From  the  formulas  relevant  to  the  sitiuIs": 

parameters  in  the  test/  it  is  shown  that  the  difference  between  the  parameters 

of  the  compressed  air  and  those  of  the  combustion  gas  results  only  from  V  ,  net 

from  the  gas  constant/  R.  So/  this  paper  only  discusses  the  "Y  effect/  and  giu 

and  Yj— 1.20  '  assumirg 

Y-l  \ — 1-_ 


e/ample  calculations  f  or-^  =2.0,  Y,=  ?  ./o,  Y,=  1.33, 


1  X  10‘Pa, 
From 

then 


c- Am -(*)  ^y 


:  > 


Y  +  1 

Y  -  1 


•ny.  (  2  \-  ^  ' 


(3.  1  ) 
(3 
(3.  3) 
(3.  4/ 
<3  5) 


The  following  table  lists  the  results  ot  tne  calculations 


Ua, 

•"Kl  p. 

Mo. 

f 

i 

i  ^  / 

l.it 

l.OM 

1.046 

1.533*  10* 

1.0 

1.0 

1.0 

1.0 

l.ii 

l.OM 

1.066 

1.513x10* 

1.017 

1  010 

0.990 

O.OM 

1.10 

1  00$ 

1.107 

1.470*  10* 

1.055 

I  1  049 

0  959 

0.050 

s  shown 

from 

the  table  that 

when  p*/P(.  = 

2.  0  and 

II 

number  of  the  combustion  gas  has  an  1.9%  increase  over  that  of  the  air/  and  the 
momentum  flux  and  momentum  coefficient  at  the  cross-section  decrease  by  1% 

When  P*/p^  =2.0  and  -  1.20/  the  former  increases  by  4.9%  and  the  latters 

decrease  by  4.  1%.  Fig.  3.4  reveals  that  when  the  pressure  drop  ratio  changes 


at  p^/pj^^l.3i  the  increase  in  the  vehicle  pitching  moment  coefficient  due  to 
the  jet  efflux  is  not  appreciable.  This  simulation  test  is/  therefore) 
considered  Feasible  using  compressed  air  to  substitute  for  the  combustion  g a ? 

4  CONCL'JSIUNS 

(1)  Based  upon  the  analysis  of  the  effect  of  the  EDJE  on  the  FAV,  it  i; 
shoujn  that  lijhen  the  FAV  is  supersonic#  the  EDJE  effect  on  vehicle  aerodgnami. 
performance  (  except  the  drag  force  on  the  lower  surface  )-  is  minimal-  when 
FAV  is  subsonic#  this  effect  is  considerably  large.  By  performing  such  testa, 
more  accurate  aerodynamic  data  will  be  provided  for  the  newly -dev eloped 

■v  e  n  i  c  1  3  s . 

(2)  When  a  model  is  geometrically  similar  to  a  real  vehicle  and  has  tne 
same  freestream  Mach  number#  the  same  freestream  static  pressure#  and  the  sam# 
pressure  drop  ratio  at  the  nozzle  exit  as  the  vehicle#  it  can  be  ensured  that 
its  Mach  number  at  the  nozzle  exit,  the  momentum  flux  at  the  exit  cross-sect:, 
and  the  efflux  momentum  coefficient  are  the  same  as  those  for  the  real  vehicl- 
thus  the  flow  conditions  of  the  jet  efflux  and  the  FAV  in  the  vicinity  of  the  exi: 
aresimilar  to  those  of  the  real  one.  As  shown  from  the  calculations  and  the 
experimental  results#  the  gas  specific  heat  ratio  has  nothing  to  do  with  the 
vehicle  aerodynamic  performance.  It  is,  therefore#  feasible  to  investigate  t' 
effects  of  the  EDJE  on  vehicle  aerodynamic  performance  in  a  slow  speed  wind- 
tunnel  using  compressed  air  to  simulate  the  high  temperature  combustion  gas  ir 
a  real  vehicle. 
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